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SUMMARY 

cu An A l l o y  Undercool ing Experiment was performed i n  an e lec t romagne t i c  l e v i -  
t a t o r  d u r i n g  t h e  Columbia STS 61-C m jss ion  i n  January 1986. One e u t e c t i c  

t e rm ina ted  t h e  exper iment.  Examination o f  t h e  specimen showed evidence o f  
undercoo l i ng  and some unusual m i c r o s t r u c t u r a l  f e a t u r e s .  
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I n i c k e l - t i n  a l l o y  specimen was p a r t i a l l y  processed b e f o r e  an equipment f a i l u r e  

I N 1  R O D U C l  LON 

The Space S h u t t l e  Columbia, launched f o r  t h e  STS 61-C m i s s i o n  on 
January 12, 1986, c a r r i e d  among i t s  s c i e n t i f i c  payloads an e lec t romagne t i c  
l e v i t a t o r  ( E M L ) .  The exper iment t o  be performed i n  t h i s  dev i ce  r e q u i r e d  t h e  
m e l t i n g  i n  m i c r o g r a v i t y  o f  l e v i t a t e d  me ta l  spheres, which would then s o l i d i f y  
a f t e r  i n i t i a l  undercoo l i ng .  Observat ions o f  t h e  undercoo l i ng  and s o l i d i f i c a -  
t i o n  were t o  be made and the  r e s u l t i n g  m i c r o s t r u c t u r e s  s t u d i e d .  

S o l i d i f i c a t i o n  o f  a mo l ten  m a t e r i a l  r e q u i r e s  removal o f  hea t .  Th i s  heat  
i s  composed o f  t h e  s p e c i f i c  heat  o f  t h e  m e l t  and the  l a t e n t  heat  o f  f u s i o n .  
I t  i s  p o s s i b l e  t o  remove t h i s  hea t  I n  such a manner t h a t  t h e  m a t e r i a l  remains 
a l i q u i d  below i t s  normal s o l i d i f i c a t i o n  temperature.  Indeed, some m a t e r i a l s ,  
such as g lasses,  a r e  undercooled l i q u i d s .  Me ta l s ,  however, n o r m a l l y  s o l i d j f y  
near t h e i r  l i q u i d u s .  S o l i d i f i c a t i o n  i s  induced by n u c l e a t i o n  promoted by 
i n c l u s i o n s  o r  i m p u r i t i e s ,  c o n t a c t  w i t h  c o n t a i n e r s ,  and v i b r a t i o n .  I n  t h e  space 
exper iment  t h i s  t r a n s f o r m a t i o n  was t o  be suppressed as much as p o s s i b l e  by 
l e v i t a t i n g  spheres o f  h i g h l y  p u r i f i e d  a l l o y s .  

l h e  i n s t a b i l i t y  imposed on an undercooled l i q u i d  produces a r e l e a s e  o f  t h e  
heat  of f u s i o n  i n  i t s  t r a n s f o r m a t i o n  t o  t h e  s o l i d  s t a t e .  Th is  causes t h e  
s o l i d i f y i n g  undercooled m a t e r i a l  t o  r e h e a t  t o  t h e  v i c i n i t y  o f  i t s  m e l t i n g  
temperature ( f i g .  1) .  The durat - ion o f  t h e  recalescence t ime,  as w e l l  as t h e  



t i m e  r e q u i r e d  f o r  t h e  m a t e r i a l  t o  s o l i d i f y ,  decrease as t h e  degree o f  under- 
c o o l i n g  increases ( f i g s .  2 and 3) ( r e f s .  1 and 2 ) .  

l h e  r a t e  o f  s o l i d i f i c a t i o n  p l a y s  a major r o l e  i n  de te rm in ing  t h e  s t r u c t u r e  
and p r o p e r t i e s  o f  a m a t e r i a l .  Rapid s o l i d i f i c a t i o n  can produce a ve ry  f i n e  
g r a i n  s i z e  and suppress seg rega t ion  o f  a l l o y  c o n s t i t u e n t s .  
phases n o t  no rma l l y  o b t a i n a b l e  i n  c e r t a i n  compos i t i ons .  Undercool ings up t o  a 
few hundred Ke lv ins  have been ob ta ined  i n  sma l l  l e v i t a t e d  meta l  d r o p l e t s  on 
e a r t h ,  i n  s p i t e  o f  v i go rous  convec t i on .  I n  space, however, l a r g e r  specimens 
can be l e v i t a t e d  i n  t h e  absence o f  c o n t a i n e r s  and w i t h  minimum convec t i on .  
This  should a l l o w  t h e  l i q u i d  meta l  t o  undercool  t o  a maximum e x t e n t ,  y i e l d  
b e t t e r  thermal  measurements and r e s u l t  i n  a g r e a t e r  understanding o f  t h e  mech- 
anisms o f  s o l i d i f i c a t i o n .  

I t  can even y i e l d  

Undercool ing was t o  be ob ta ined  i n  a space exper iment  f o r  t h r e e  n i c k e l - t i n  
a l l o y s .  D e t a i l s  on t h e  apparatus,  launch p r e p a r a t i o n s ,  t h e  exper iment sequence 
i n  space, and the r e s u l t s  ob ta ined  f o l l o w .  

l h e  A l l o y  Undercool ing program has been funded by NASA th rough  g r a n t s  and 
c o n t r a c t s  NSG-7645, NAG3-597, NAS3-24383, and NAS3-24875 t o  t h e  Massachusetts 
I n s t i t u t e  o f  lechnology and through c o n t r a c t s  NAS8-33421 and NAS8-34237 t o  t h e  
General E l e c t r i c  Co. The au tho rs  recognize t h e  c o n t r i b u t i o n s  made t o  t h i s  
r e p o r t  by G. Nathan Brown o f  t h e  NASA George C .  M a r s h a l l  Space F l i g h t  Center 
and by Mar ia  Wehrle-Due and M. Dean Delllnger o f  t h e  Massachusetts I n s t i t u t e  
o f  Technology. O r .  George D.  Nelson was M i s s i o n  S p e c i a l i s t  f o r  t h e  EML on t h e  
Columbia Space S h u t t l e  o r b i t e r .  The o t h e r  members o f  t h e  crew were Cdr. Robert  
Gibson, m i s s i o n  commander; L t .  Col .  Char les F .  Bolden, p i l o t ;  D r .  F r a n k l i n  
Chang-Diaz, and Or. Steven A .  Hawley, m i s s i o n  s p e c i a l i s t s ;  and Robert  Cenker, 
o f  RCA, and Congressman B i l l  Nelson, payload s p e c i a l i s t s .  

EXPERIMENIAL PROCEDURES 

Apparatus 

l h e  l e v i t a t i n g  and m e l t i n g  o f  specimens was c a r r i e d  o u t  i n  an e l e c t r o -  
magnet ic l e v i t a t o r ,  which i s  shown i n  f i g u r e  4 ,  and as an i n v e r t e d  schematic 
drawing i n  f i g u r e  5 .  Technica l  d e t a i l s  a r e  g i v e n  i n  t a b l e  I .  

Processing occurs i n  t h e  i n d u c t i o n  cusp c o i l  o f  t h e  work chamber. When 
a c t i v a t e d  i t  c a r r i e s  a h i g h  frequency a l t e r n a t i n g  c u r r e n t ,  which, i n  space a t  
a low power l e v e l ,  l e v i t a t e s  and p o s i t i o n s  t h e  t e s t  specimen, and a t  a h i g h e r  
power l e v e l  w i l l  cause h e a t i n g  and m e l t i n g .  A t  t h e  end o f  a p rocess ing  c y c l e  
l e v i t a t i o n  and p o s i t i o n i n g  i s  ma in ta ined  a t  a low power l e v e l ,  w h i l e  t h e  spec i -  
men c o o l s  and r e s o l i d i f i e s  by r a d i a t i n g  heat  t o  t h e  argon atmosphere and work 
chamber. A m i r r o r  system i s  i n s t a l l e d  i n  t h e  work chamber f o r  obse rv ing  t h e  
exper iment by camera and pyrometry .  The chamber a l s o  c o n t a i n s  a specimen 
exchanger, which f o r  t h i s  exper iment had a c a p a c i t y  o f  s i x  specimens. This  
exchanger loads and unloads specimens from t h e  i n d u c t i o n  c o i l .  Processed 
specimens a r e  c o l l e c t e d  i n  a s to rage  cage. 

Power i s  prov ided by t h e  S h u t t l e ' s  28-V dc supp ly  v i a  t h e  MSL ( M a t e r i a l s  
Science Laboratory)  mount ing p l a t f o r m .  Commands o r i g i n a t e  f rom a panel  i n  t h e  
a f t  fttght deck o f  t h e  crew compartment. A p o r t i o n  o f  t h e  power i s  r ou ted  
th rough  t h e  dc-to-dc c o n v e r t e r  t o  t h e  housekeeping power supply  which s e r v i c e s  

2 



a l l  c o n t r o l  e l e c t r o n i c s ,  t h e  camera, specimen changer, pyrometer,  and water  
temperature sensor. The dc-to-dc conver te r  p rov ides  a steady 28 v o l t s  f r o m  t h e  
incoming v o l t a g e  v a r y i n g  between 24 and 32 V t o  t h e  power a m p l i f i e r ,  t h e  water  
pump, and t h e  p ressu re  sensors.  The power a m p l i f i e r ,  which has t h r e e  p r i n t e d  
w i r i n g  boards t h a t  ope ra te  i n  p a r a l l e l ,  conve r t s  t h e  28 V dc i n t o  a 100 kHz 
28 V peak-to-peak s i g n a l .  T h i s  power i s  f u r t h e r  m o d i f i e d  i n  a t rans fo rmer ,  
where impedances a r e  matched f o r  maxlmum c o i l  e f f i c i e n c y .  Opera t i ona l  c o n t r o l s  
and r e c y c l i n g  l o g i c  a r e  p r o v i d e d  by sequen t ia l  s w i t c h i n g  i n  t h e  e l e c t r o n i c s  
box. A wa te r  pump c i r c u l a t e s  coo lan t  t o  t h e  i n d u c t i o n  c o i l ,  t h e  power amp l i -  
f i e r ,  and t h e  dc-to-dc c o n v e r t e r .  Heat exchange o u t  o f  t h e  EML occurs a t  t h e  
base r i n g ,  where t h e  MSL p rov ides  a c o l d  p l a t e  w i t h  a s ing le-phase f r e o n  c o o l -  
i n g  l oop .  

The EML, covered by an experiment apparatus c o n t a i n e r ,  i s  mounted on t h e  
MSL, which i n c l u d e s  a d a t a  tape  recorder ,  a power c o n t r o l  box, a systems con- 
t r o l  u n i t ,  and a l i n e a r  t r i a x i a l  accelerometer .  For t h e  STS 61-C m iss ion ,  t h e  
MSL-2 pay load a l s o  i n c l u d e d  t h e  Automated D i r e c t i o n a l  S o l i d i f i c a t i o n  Furnace 
and t h e  Three-Axis Acoust ic  L e v i t a t o r  exper iments as shown i n  f i g u r e  6 
( r e f .  3 ) .  The MSL-2 was l o c a t e d  i n  the o r b i t e r  bay, which i t  shared w i t h  t h e  
Get-Away-Special (GAS)-br idge and the H i t c h h i k e r  c a r r i e r  c o n t a l n i n g  s e l f -  
con ta ined  exper iments,  and a SAlCOM-Ku s a t e l l i t e  on a PAM-D2 launcher  ( f i g .  7 ) .  

Ma t e r i  a 1 s 

l h r e e  b i n a r y  n i c k e l - t i n  composi t ions were s e l e c t e d  f o r  t h e  space e x p e r i -  
ment. T h e i r  cornposi t ions a r e  g i v e n  I n  t a b l e  I1  and i n d i c a t e d  on t h e  phase d i a -  
gram shown i n  f i g u r e  8.  A l l o y s  o f  t h i s  system had p r e v i o u s l y  been used i n  
ground-based undercoo l i ng  s t u d i e s  ( r e f s .  1, and 4 t o  7 ) .  For t h e  space exper-  
iment ,  t h e  e u t e c t i c  Ni-32.5 pe rcen t  Sn a l l o y  was t o  be processed f i r s t .  I t s  
l i q u i d - s o l i d  e q u i l i b r i u m  i s  a t  1132 O C  and when s l o w l y  cooled f rom t h e  l i q u i d  
i t s  s t r u c t u r e  d i s p l a y s  a l t e r n a t i n g  face-centered cub ic  Q phase and c u b i c  0 
phase lame l lae .  To e i t h e r  s i d e  o f  the e u t e c t l c ,  a t  i n c r e a s i n g  l i q u i d u s  temper- 
a t u r e s ,  a r e  a l l o y s  w i t h  r e l a t i v e l y  broad f r e e z i n g  ranges, t h e  e q u i l i b r i u m  
m i c r o s t r u c t u r e s  f o r  which a r e  Q phase n i c k e l  p l u s  e u t e c t i c  i n  t h e  chosen "hypo- 
e u t e c t i c "  a l l o y  and 0 phase p l u s  e u t e c t i c  i n  t h e  " h y p e r e u t e c t i c "  a l l o y  
( t a b l e  11). A t  922 O C  t he  0 phase undergoes an a l l o t r o p i c  t r a n s f o r m a t i o n  t o  
hexagonal 0 '  on c o o l i n g .  

l h e  specimens were prepared by m e l t l n g  weighed amounts o f  99.99 pe rcen t  
p u r i t y  n i c k e l  w i r e  and 99.999 percent  pu re  t i n  shot  w i t h i n  a b o r o s i l i c a t e  g l a s s  
medium, which was t o  a c t  as a f l u x  f o r  removing i m p u r i t i e s .  The specimens were 
machined i n t o  spheres o f  approx imate ly  8.5 mm diameter  and then  coated w i t h  
F e r r o  brand EG-0222l s i l i c a t e  g l a s s .  
c o e f f i c i e n t  o f  1 2 7 ~ 1 0 - ~ / K  and softens a t  485 " C .  
c a l l y  t r a n s p a r e n t  g l a s s  c o a t l n g  was t o  p r o t e c t  t h e  specimens d u r i n g  t h e  l o n g  
i n t e r v a l  between specimen p r e p a r a t i o n  and t h e  f l i g h t  exper iment .  On t h e  h o t  
mo l ten  specimen i t  was t o  serve as a f l u x  which would d i s s o l v e  any meta l  ox ides 
s o  t h a t  they would n o t  become heterogeneous n u c l e a t i o n  c a t a l y s t s  and cause 
d i f f i c u l t y  i n  a c h i e v i n g  h i g h  undercool ings.  D e t a i l s  on t h e  chemical  a n a l y s i s ,  
d imensions and weights  f o r  specimens c a r r i e d  on STS 61-C a r e  shown i n  
t a b l e  111. F i g u r e  9 i s  a photograph o f  a g l a s s - c o a t e d  specimen. 

T h i s  g l a s s  has a thermal  expansion 
The purpose o f  t h e  o p t i -  

'Trademark of  F e r r o  Corpo ra t i on ,  Independence, OH 
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EML Opera t i on  

The A l l o y  Undercool ing Experiment i s  performed a f t e r  t h e  Space S h u t t l e  has 
ob ta ined  low e a r t h  o r b i t .  S ince t h e  specimen i s  l e v i t a t e d  i n  t h e  i n d u c t i o n  
c o i l ,  no s p e c i a l  v e h i c l e  a t t i t u d e  i s  r e q u i r e d  and a c c e l e r a t i o n s  as g r e a t  as 
10-2,s-2 (10-3 g) can be t o l e r a t e d ,  a l t h o u g h  l e v e l s  o f  l e s s  than  lo-3,s-2 

b u t  powered o r b i t a l  and a t t i t u d e  changes would i n t e r f e r e  w i t h  t h e  exper iment.  
g)  .are des i red  ( r e f .  8 ) .  Thus, normal s h u t t l e  o p e r a t i o n s  can be pursued, 

7he power p r o f i l e  o f  t h e  EML c o i l  i s  g r a p h i c a l l y  rep resen ted  i n  f i g u r e  10. 
Operat ions can be i n i t i a t e d  i n  e i t h e r  t h e  " a u t o "  o r  "pause" mode. I n  t h e  
" a u t o "  mode, specimens a r e  processed c o n s e c u t i v e l y  w i t h o u t  i n t e r r u p t i o n .  I n  
t h e  "pause" mode, p rocess ing  f o r  each specimen r e q u i r e s  a separate command. 
Processing o f  a specimen c o n s i s t s  o f  t h r e e  success ive h e a t i n g / c o o l i n g  c y c l e s .  
I n  each o f  these cyc'les, spaced 3 h r  a p a r t ,  t h e  specimen i s  t o  be f l u x - c l e a n s e d  
by t h e  g l a s s  coa t ing .  
14 W power l e v e l ,  a r e  f o r  l e v i t a t i n g  and s t a b i l i z i n g  t h e  specimen. The n e x t  
power l e v e l  o f  t h e  c o i l  i s  600 W f o r  2 min, d u r i n g  which t h e  specimen m e l t s  and 
remains i n  t h e  l i q u i d  s t a t e .  The power then drops and s tays  a t  1 4  W f o r  6 min, 
caus ing t h e  l e v i t a t i n g  l i q u i d  t o  h o p e f u l l y  undercool ,  reca lesce ,  s o l i d i f y ,  and 
c o o l  f u r t h e r .  Dur ing  t h e  nex t  t h r e e  hours,  t h e  specimen i s  r e t a i n e d  i n  t h e  
c o i l  by t h e  t i p s  o f  t h i n  w i r e s  l o c a t e d  a t  e i t h e r  end o f  t h e  c o i l ,  u n t i l  t h e  EML 
i s  a c t i v a t e d  f o r  t h e  n e x t  c y c l e .  

I n  each c y c l e  t h e  f i r s t  two minutes,  w i t h  t h e  c o i l  a t  a 

The temperature o f  t h e  specimen i s  measured by a t o t a l  r a d i a t i o n  pyrometer 
a t  a sampl ing r a t e  o f  125 readings pe r  second d u r i n g  t h e  10-min l e v i t a t i o n  
c y c l e .  These data a r e  recorded by t h e  tape r e c o r d e r  o f  t h e  MSL and a l s o  t r a n s -  
m i t t e d  t o  ground d u r i n g  t h e  o r b i t a l  f l i g h t .  The c o o l i n g  o f  t h e  specimen i s  
observed by cinematography a t  16 frames per  second d u r i n g  20 sec, s t a r t i n g  
2 sec b e f o r e  t h e  power r e d u c t i o n  f rom 600 W .  

Post F l i g h t  A n a l y s i s  

A f t e r  complet ion o f  t h e  f l i g h t ,  t h e  processed specimens a r e  examined f o r  
s u r f a c e  and i n t e r n a l  s t r u c t u r e s ,  u s i n g  microprobe,  and o p t i c a l  and e l e c t r o n  
microscopy. The s t r u c t u r e s  a r e  c o r r e l a t e d  w i t h  t h e  temperature measurements 
ob ta ined  i n  the space exper iment.  Measurements o f  t h e  d e n d r i t e  arm spacing and 
o t h e r  m i c r o s t r u c t u r a l  f e a t u r e s  a r e  used t o  c o n f i r m  t h e  thermal  d a t a  ob ta ined  
by pyrometry .  Comparisons a r e  made w i t h  i d e n t i c a l  a l l o y s  which were success- 
f u l l y , u n d e r c o o l e d  by d i f f e r e n t  amounts i n  a normal e a r t h - g r a v i t y  environment.  

PERFORMANCfi  OF 1HE SPACE EXPERIMENT 

Space F l i g h t  Events 

The Columbia Space S h u t t l e  was launched on t h e  STS 61-C m i s s i o n  from 
Kennedy Space F l i g h t  Center a t  11:55 '00"  GM7 (Greenwich Mean Time) on 
January 12, 1986. A f t e r  o r b i t a l  i n s e r t i o n  a t  an a l t i t u d e  o f  about 325 km and 
a 28.5" I n c l i n a t i o n ,  t h e  MSL was a c t i v a t e d  a t  14:59'  GM1. On t h e  f o l l o w i n g  
day; t h e  EML was a c t i v a t e d  a t  12:23 '01"  GMT ( T - l 8 1 s ) ,  30 sec l a t e r ,  t h e  f i r s t  
specimen was loaded I n  t h e  ''pausell mode and l e v i t a t e d .  F u l l  power was a p p l i e d  
a t  12:26'08" G M l  ( T  = 0 ) .  

The power t r a n s i s t o r s  o f  t h e  power a m p l i f i e r  a r e  a t tached  t o  a heat  s i n k  
th rough  which c o o l i n g  water  c i r c u l a t e s .  A sensor a t tached  t o  t h i s  heat  s i n k  
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measures i t s  temperature,  which i s  recorded every second and t r a n s m i t t e d  on t h e  
ground l i n k .  As  shown i n  f i g u r e  11, t h i s  temperature was observed t o  r i s e  
r a p i d l y  and exceeded s a t u r a t i o n  about 120 sec a f t e r  f u l l  power was a p p l i e d .  
I t  was a l s o  observed t h a t  t h e  EML power o u t p u t  d u r i n g  t h e  120 sec dropped f r o m  
89 t o  80 p e r c e n t  of t h e  planned power l e v e l ,  as shown i n  f i g u r e  12 .  Note t h a t ,  
f o l l o w i n g  t h e  h e a t i n g  p e r i o d ,  t h e  power l e v e l  dropped t o  below t h a t  necessary 
f o r  l e v i t a t i n g  t h e  specimen. Three hours l a t e r ,  when t h e  second c y c l e  f o r  t h e  
f i r s t  specimen was t o  begin,  t h e  EML d e l i v e r e d  no r a d i o  f requency ( R F )  power, 
and t h e  u n i t  was tu rned  o f f .  The EML was tu rned  on once more on t h e  f o l l o w i n g  
day, b u t  a g a i n  no R F  power was generated. The specimen exchanger, however, 
remained f u n c t i o n a l ,  and t h e  remaining specjmens were unloaded i n t o  t h e  r e t a i n -  
i n g  cage, i n  b o t h  t h e  "pause" and "auto" mode. The EML was then  deac t i va ted .  

The temperature t r a c e  as recorded i s  shown I n  f i g u r e  13.  I t  showed 
I n t e n s e  n o i s e  contarninat ion,  e s p e c i a l l y  d u r i n g  t h e  20 sec o f  camera o p e r a t i o n .  
Th is  t r a c e  was s t u d i e d  i n  d e t a i l  and c o r r e c t e d ,  as w i l l  be exp la ined  l a t e r .  

The STS 61-C m i s s i o n  cont inued as planned, and Columbia landed a t  Edwards 
A i r  Force Base on January 18 a t  13:26' GMT. 

Apparatus F a i l u r e  I n v e s t i g a t i o n  

F o l l o w i n g  t h e  c o n c l u s i o n  o f  the 61-C m iss ion ,  t h e  EML was re tu rned  t o  t h e  
M a r s h a l l  Space F l i g h t  Center,  where i t  was sub jec ted  t o  a f a i l u r e  i n v e s t i g a - .  
t i o n .  The f a i l u r e  i n v e s t i g a t i o n  team performed an anomaly f a u l t  t r e e  a n a l y s i s  
and determined t h e  f o l l o w i n g  most probable f a i l u r e  scenar io :  

( 1 )  The c o o l a n t  l oop  con ta ined  gross p a r t i c u l a t e  con tamina t ion .  I t  i s  
suspected t h a t  these p a r t i c l e s  o r i g i n a t e d  d u r i n g  t h e  manufacture o f  t h e  EML. 
I t  appears t h a t  d e s p i t e  repeated c lean ing  they c o u l d  n o t  be removed d u r i n g  
assembly and t e s t i n g  under e a r t h  g r a v i t y  c o n d i t i o n s .  

( 2 )  I t  I s  l i k e l y  t h a t  t h e  contaminant p a r t i c l e s  were d i s lodged  by t h e  
severe v i b r a t i o n s  d u r i n g  launch, and l a t e r  i n  m i c r o g r a v i t y ,  c a r r i e d  a long  by 
t h e  c o o l a n t .  They c o l l e c t e d  i n  t h e  o r i f i c e / m e t e r i n g  area o f  a v a l v e  r e g u l a t i n g  
t h e  c o o l a n t  f l o w  t o  t h e  power a m p l i f i e r ,  p l u g g i n g  a gap o f  app rox ima te l y  
0.08 mm and reduc ing  t h e  f l o w  by about 85 pe rcen t .  

( 3 )  With t h e  c o o l a n t  f l o w  i n h i b i t e d ,  t h e  h e a t - t r a n s f e r  f r o m  t h e  power 
t r a n s i s t o r s  through t h e  heat  s i n k  was i n s u f f i c i e n t ,  t h e  power t r a n s i s t o r s  over-  
heated and f a i l e d ,  t e r m i n a t i n g  i n p u t  power t o  t h e  work chamber c o i l .  

The n o i s e  i n t e r f e r e n c e  w i t h  the p y r o m e t r i c  temperature readings has a l s o  
been s t u d i e d .  There was a cons tan t  random e l e c t r i c a l  n o i s e  causing d e v i a t i o n s  
o f  app rox ima te l y  +_18 " C  f rom t h e  mean temperature t r a c e  d u r i n g  most o f  t h e  
h e a t i n g  c y c l e  ( f i g .  1 3 ) .  Th i s  was caused by e x t e r n a l  s I g n a l s  I n t r u d i n g  i n t o  
an i n s u f f i c j e n t l y  i s o l a t e d  c i r c u i t .  The major  i n t e r f e r e n c e  occu r red  d u r i n g  t h e  
20 sec o f  camera o p e r a t i o n .  This  obscured an i m p o r t a n t  p o r t i o n  o f  t h e  c o o l i n g  
and recalescence temperature t r a c e .  I t s  cause i s  b e l i e v e d  t o  be a conducted 
n o i s e  generated I n  t h e  speed c o n t r o l  c i r c u i t  o f  t h e  Photo-Sonics 1 V N  mot ion  
p i c t u r e  camera. I f  conf i rmed by tes ts ,  i t  w i l l  be necessary t o  add s p e c i a l  
f i l t e r s  t o  e l i m i n a t e  t h i s  i n t e r f e r e n c e ,  o r  t o  i s o l a t e  t h e  c r i t i c a l  c i r c u i t s .  
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RESULTS AND DISCUSSION 

Due t o  the e a r l y  f a i l u r e  o f  t h e  exper iment apparatus,  o n l y  one specimen 
was p a r t i a l l y  processed. Th is  specimen as w e l l  as t h e  temperature da ta  have 
been sub jec ted  t o  an i n t e n s i v e  s tudy w i t h  t h e  f o l l o w i n g  r e s u l t s .  

Pyrometry 

l h e  pyrometer t r a c e  summarized i n  f i g u r e  13 rep resen ts  t h e  p ropaga t ion  o f  
heat  i n  the  metal sphere undergoing m e l t i n g  by h i g h  f requency i n d u c t i o n  i n  
space. 
a r e  d i f f e r e n t .  When t h e  l e v i t a t e d  sphere i s  s o l i d  i t  e s s e n t i a l l y  does n o t  
move, t h e  sur face ad jacen t  t o  t h e  c o i l  heats  up f i r s t ,  and t h e  hea t  i s  conduc- 
t e d  f rom t h e r e  t o  t h e  p o r t i o n  o f  t h e  sphere a t  t h e  open ends o f  c o i l  and f a c i n g  
t h e  pyrometer .  M e l t i n g ,  which r e q u i r e s  a s u b s t a n t i a l  energy i n p u t  ( t h e  hea t  
o f  f u s i o n  f o r  the e u t e c t i c  i s  117 kJ /kg ) ,  s t a r t s  c i r c u m f e r e n t i a l l y  a d j a c e n t  t o  
t h e  c o i l ,  and from t h e r e  spreads t o  t h e  two po les  and t h e  c e n t e r  o f  t h e  spec i -  
men. Once molten, e l e c t r o m a g n e t i c a l l y  d r i v e n  f l o w  s t i r s  t h e  specimen, and i t s  
temperature tends t o  become un i fo rm,  e s p e c i a l l y  when t h e  energy i n p u t  equals  
the  thermal  losses due t o  r a d i a t i o n .  When t h e  power i n p u t  t e rm ina tes ,  t h e  
e lec t romagne t i c  s t i r r i n g  ceases, b u t  t h e  specimen temperature f a l l s  e s s e n t i a l l y  
even ly  throughout t h e  specimen due t o  t h e  h i g h  thermal  c o n d u c t i v i t y  o f  t h e  
l i q u i d  and t h e  r e l a t i v e l y  s low r a t e  o f  hea t  r a d i a t i o n  t o  t h e  environment.  W i th  
t h i s  understanding, an i n t e r p r e t a t i o n  o f  t h e  f e a t u r e s  o f  t h e  thermal. h i s t o r y  
o f  t h e  specimen can be made. 

The mechanisms o f  hea t  t r a n s f e r  w i t h i n  t h e  s o l i d  and t h e  l i q u i d  spheres 

D e t a l l s  of t h e  h e a t i n g  cu rve  a r e  shown i n  f i g u r e  1 4 .  Note t h a t  no a r r e s t  
was observed f o r  t h e  B ' / B  t r a n s f o r m a t i o n  a t  922 " C ,  which consumes a p p r o x i -  
ma te l y  2 5  kJ/kg. A t  about 12:26 '27.7"  G M l  ( ' I  t 19.7s) a d e f i n i t e  change o f  
s lope  occurred when c i r c u m f e r e n t i a l  m e l t i n g  s t a r t e d  a d j a c e n t  t o  t h e  c o i l .  A t  
12:26 '36"  (1 t 28s) t h e r e  was an a r r e s t  which l a s t e d  about 4 sec ( f i g .  1 5 ) ,  as 
t h e  s u r f a c e  fac ing  t h e  pyrometer underwent m e l t i n g .  S t a r t i n g  about 12:26 '52"  
( T  t 44s) t h e  energy i n p u t  t o  t h e  mo l ten  specimen equaled t h e  hea t  losses by 
r a d i a t i o n  and the temperature s t a b i l i z e d  t e m p o r a r i l y  a t  about 1290 " C ;  b u t  
then, as t h e  power l e v e l  decreased ( f i g .  12 ) ,  i t  dropped, reach ing  a minimum 
o f  about 1260 "C a t  12:27 '35"  ( 7  t 87s) ( f i g .  16 ) .  Note t h a t  t h i s  t i m e  c o r r e -  
sponds t o  t h e  change i n  s lope  i n  t h e  h e a t - s i n k  temperature ( f i g .  1 1 ) .  A t  t h i s  
p o i n t  t h e  temperature rose s l o w l y ,  reach ing  about 1320 " C  when t h e  camera 
tu rned  on and i n t e r f e r e n c e  obscured t h e  t r a c e  a t  12:28 '05"  ( T  t 117s) .  I t  can 
be speculated t h a t  e i t h e r  t h i s  r e s u l t e d  f rom t h e  i n c i p i e n t  f a i l u r e  o f  t h e  power 
a m p l i f i e r ,  o r  t h a t  i t  was caused by an accumulat ion o f  g l a s s  on t h e  s i d e  o f  t h e  
specimen f a c i n g  t h e  t o t a l  r a d i a t i o n  pyrometer and by t h e  d i s c o l o r a t i o n  t h a t  
t h i s  g lass  was l a t e r  observed t o  have acqu i red .  Had t h e  temperature decreased 
a t  t h e  o r i g i n a l  r a t e ,  t h e  temperature he re  would have been about 1220 " C ,  
i n s t e a d  of t h e  recorded 1320 "C,  a d i f f e r e n c e  o f  100 " C .  Proceeding now t o  t h e  
c o o l i n g  p o r t i o n  o f  t h e  cu rve  ( f i g .  17) i t  can be seen t h a t  t h e  recorded temper- 
a t u r e  i s  about 1230 " C  a t  12:28 '30"  ( 1  t 142s),  which i s  c l o s e  t o  100 " C  above 
t h e  e q u i l i b r i u m  e u t e c t i c  temperature o f  1132 " C .  The same f i g u r e  1 7  i n d i c a t e s  
t h a t  undercool ing d i d  n o t  exceed 40 K ,  a d i s a p p o i n t i n g l y  sma l l  amount, b u t  i n  
v iew of t h e  problems encountered, l o g i c a l .  Traces i n d i c a t i n g  es t ima ted  a c t u a l  
temperatures are drawn by dashed l i n e s  i n  f i g u r e s  1 4  t o  17. 
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Specimen Sur face 

A f t e r  t h e  f i r s t  h e a t i n g  c y c l e  had been completed, t h e  power s u p p l i e d  t o  
t h e  c o i l  g r a d u a l l y  decreased over  9 sec t o  0 W, so t h a t  t h e  specimen, i n s t e a d  
o f  rema in ing  l e v i t a t e d ,  d r i f t e d  f r e e  and h i t  t h e  r e t a i n i n g  w i r e  nea res t  t h e  
specimen exchanger. The c o l l i s i o n  occurred about 1 4  sec a f t e r  power c u t - o f f ,  
as can be judged f rom t i m i n g  t h e  f i l m  sequence which covered t h e  20 sec about 
t h e  power c u t - o f f .  A t  t h i s  t ime, the specimen was s t i l l  mol ten.  The f i l m ,  
which i s  n o t  w e l l  focused, does no t ,  however, make c l e a r  why t h e  g l a s s  
c o l l e c t e d  around t h e  w i r e .  I t  i s  p o s s i b l e  t h a t ,  f o r  some reason, t h e  g lass  
had d r i f t e d  t o  one s i d e  o f  t h e  specimen even w h i l e  t h e  c o i l  was under f u l l  
power, and t h i s  assumption i s  c e r t a i n l y  i n  l i n e  w i t h  i n c o n s i s t e n c i e s  i n  t h e  
tempera tu re - t ime  t r a c e .  A t  any ra te ,  e v e n t u a l l y  a t  l e a s t  a p a r t i a l  separ-  
a t i o n  occu r red  between t h e  w i r e  and t h e  specimen, p r o v i d i n g  a one ohm r e s i s -  
tance between t h e  two p a r t s .  

When t h e  specimen exchanger was a c t i v a t e d  l a t e r  d u r i n g  t h e  f l i g h t ,  i t  
pushed t h e  specimen through t h e  c o i l  i n t o  t h e  cage, and may have broken the  
h i g h  carbon s t e e l  r e t a i n i n g  w i r e ,  which had been seve re l y  annealed when i t  
p lunged i n t o  t h e  mo l ten  g l a s s .  l h e  specimen, as recovered, i s  shown i n  
f i g u r e  18. Note t h a t  on t h e  s i d e  opposi te  t h e  w i r e  i t  i s  bare and no l onger  
g l a s s - c o v e r e d .  
some d i s t a n c e ,  because t h e  processed specimen p l u s  t h e  a t tached  w i r e  weighed 
0.0258 g l e s s  than t h e  g lass -coa ted  specimen a lone  b e f o r e  l o a d i n g  i n t o  t h e  EML. 
The p r e v i o u s l y  c o l o r l e s s  t ransparen t  g l a s s  had tu rned  brown, and i t s  s u r f a c e  
was v e r y  smooth and h i g h l y  r e f l e c t i v e .  

Apparent ly  some o f  the g l a s s  had f lowed a long  t h e  w i r e  f o r  

Low m a g n i f i c a t i o n  photographs o f  t h e  exposed meta l  s u r f a c e  and t h e  meta l  
s u r f a c e  below t h e  removed g lass  l aye r  a r e  shown i n  f i g u r e  19. A h o l e  i n  t h e  
s u r f a c e  was found below t h e  g l a s s  l aye r  near t h e  embedded end o f  t h e  w i r e .  
Upon c r o s s - s e c t i o n i n g  t h e  specimen, t h i s  h o l e  was found t o  be a l a r g e  s o l i d i -  
f i c a t i o n  shr inkage c a v i t y ,  as shown i n  f i g u r e  20. The me ta l  s u r f a c e  n o t  
covered by g l a s s  d i s p l a y e d  s e v e r a l  sha l l ow  d imples caused by s o l i d i f i c a t i o n  
shr inkage,  and was p a r t l y  rough and p a r t l y  smooth i n  appearance. 

l h e  smooth p a r t  o f  t h e  su r face  con ta ined  t h e  a p p a r e n t l y  s o l e  n u c l e a t i o n  
s i t e ,  which i s  shown i n  f i g u r e  21. The l o n g e s t  s u r f a c e  d e n d r i t e  proceeds f rom 
t h i s  s i t e .  Severa l  l a r g e  d e n d r i t e s  were found on t h e  smooth s u r f a c e  r e g i o n .  
The d e n d r i t e s  a r e  w e l l - d e v e l o p e d ,  w l t h  apparent  p r imary ,  secondary, and t e r t i -  
a r y  arms ( f i g .  22) .  D e n d r i t i c  s t r u c t u r e s  have sometimes been observed on s u r -  
faces o f  e u t e c t i c  samples used i n  ground-based work when t h e r e  was moderate 
(more than 100 K )  undercoo l i ng  ( r e f .  9 ) .  Dendr i t es  would n o t  be expected, and 
have n o t  been observed, i n  samples s o l i d i f i e d  w t h  ve ry  low undercoo l i ng .  

Because the  specimen i s  o f  e u t e c t i c  compos t i o n ,  t h e  presence o f  l a r g e  
d e n d r i t e s  on i t s  s u r f a c e  i s  remarkable. Normal y ,  a Ni -Sn e u t e c t i c  sample 
w i t h o u t  undercoo l l ng  s o l i d i f i e s  w i t h  a l a m e l l a r  two-phase s t r u c t u r e ,  such as 
t h e  s t r u c t u r e  shown i n  f l g u r e  23. An i m p o r t a n t  aspect  o f  these " d e n d r i t e s "  o f  
t h e  f l i g h t  specimen i s  t h a t  t h e i r  main branches a r e  curved.  The r a d i u s  o f  
c u r v a t u r e  o f  t he  d e n d r i t e  shown i n  f i g u r e  21 i s  about 2 mm. Such seve re l y  
curved d e n d r i t e s  have n o t  been observed i n  ground-based work w i t h  N i -Sn  a l l o y s .  
I t  i s  b e l i e v e d  t h a t  t h e  c u r v i n g  o f  d e n d r i t e s  i s  due t o  thermal  s t resses  w i t h i n  
t h e  d e n d r i t e  r e s u l t i n g  f r o m  s teep thermal g r a d i e n t s  d u r i n g  recalescence, o r  
mechanical  s t resses  r e s u l t i n g  f rom s o l i d i f i c a t i o n  sh r inkage  and convec t i on  
d u r i n g  d e n d r i t e  growth.  The cu rva tu re  o f  t h e  d e n d r i t e s  i s  determined by heat  
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f l o w  and/or f l u i d  f l o w ,  n o t  by t h e  p r e f e r r e d  l o w e s t  energy o r i e n t a t i o n  
( r e f .  10 ) .  

Another s i g n i f i c a n t  aspect  o f  these d e n d r i t e s  i s  t h a t ,  f o r  t h e  most p a r t ,  
t h e  secondary arms do n o t  appear t o  be p e r p e n d i c u l a r  t o  t h e  p r imary  arms, and 
t h e  t e r t i a r y  arms a r e  l i k e w i s e  n o t  o r thogona l  t o  t h e  secondary arms. T h i s  can 
be seen I n  t h e  photographs o f  d e n d r i t e  arms i n  f i g u r e  22. The ang le  between 
t h e  apparent  p r imary  and secondary arms v a r i e s  between about 45” and 7 5 ” .  Some 
o f  t h e  v a r i a t i o n  may be due t o  t h e  c u r v a t u r e  o f  t h e  s u r f a c e  as a f u n c t i o n  of  
p o s i t i o n .  When d e n d r i t e s  have been observed i n  ground-based work on r e l a t i v e l y  
h i g h l y  undercooled Ni-Ni3Sn e u t e c t i c  a l l o y  samples, t h e  secondary arms were 
p e r p e n d i c u l a r  t o  t h e  p r i m a r y  arms. 

Because the  specimen d i d  n o t  a t t a i n  a l a r g e  u n d e r c o o l i n g  b e f o r e  nuc lea -  
t i o n ,  i t  would be expected t h a t  t h e  s t r u c t u r e  would m a i n l y  be composed o f  no r -  
mal l a m e l l a r  e u t e c t i c .  A photograph o f  a r e g i o n  o f  normal e u t e c t i c  s t r u c t u r e ,  
f rom t h e  meta l  sur face under t h e  g l a s s  l a y e r ,  i s  shown i n  f i g u r e  23, t o g e t h e r  
w i t h  t h a t  o f  t h e  s u r f a c e  s t r u c t u r e  o f  a ground-based e u t e c t i c  sample w’ith 31 K 
i n i t i a l  undercool ing.  The s t r u c t u r e s  a r e  s i m i l a r .  

A number of smal l  patches o f  anomalous e u t e c t i c  m i c r o s t r u c t u r e  were fsund 
on t h e  s u r f a c e  o f  t h e  specimen ( f i g .  24) .  T h e i r  s t r u c t u r e  i s  composed o f  t h e  
same two phases as t h e  l a m e l l a r  s t r u c t u r e ;  t h i s  morphology i s  o n l y  observed 
when t h e r e  i s  a t  l e a s t  some i n i t i a l  undercoo l i ng .  The presence o f  anomalous 
e u t e c t i c  i s  proof  t h a t  some undercoo l i ng  was a t t a i n e d ,  a l t h o u g h  t h e  amount o f  
u n d e r c o o l i n g  may s t i l l  be l e s s  than  40 K,  as d iscussed l a t e r .  

Another f e a t u r e  d i scove red  was a f i n e  s t r u c t u r e  hav ing  t h e  appearance o f  
two-phase “ p a r t i c u l a t e s . ”  T h i s  s t r u c t u r e  i s  shown i n  f i g u r e  25. The da rk  
spots  i n  t h e  s m a l l  depress ions,  which a r e  o f  submicron s i z e ,  appear t o  be s o l i d  
s t a t e  p r e c i p i t a t e s .  These p robab ly  formed d u r i n g  c o o l i n g  i n  t h e  s o l i d  s t a t e  
due t o  t h e  decreasing s o l u b i l i t y  o f  t i n  i n  t h e  n i c k e l - r i c h  a phase w i t h  
dec reas ing  temperature. Such p r e c i p i t a t e s  have a l s o  been observed i n  p o l i s h e d  
and etched c ross -sec t i ons  o f  ground-based samples. 

Severa l  fragments o f  d e n d r i t e s  w i t h  ex t reme ly  f i n e  secondary arm spacing 
were found on the s u r f a c e  o f  t h e  f l i g h t  specimen. One example i s  shown i n  
f i g u r e  26. The r e t e n t i o n  of such a f i n e  arm spacing i n d f c a t e s  t h a t  t h e  den 
d r i t e  was i s o l a t e d  f rom t h e  remain ing l i q u i d  by decan t ing  due t o  shr’ in:age 
d u r i n g  s o l i d i f i c a t i o n ,  and t h e r e f o r e  d i d  n o t  coarsen a p p r e c i a b l y .  

The s u r f a c e  o f  t h e  shr inkage c a v i t y  a l s o  showed l a m e l l a r  and anomalous 
e u t e c t i c  s t r u c t u r e s ,  as shown i n  f i g u r e  27. F i g u r e  28 shows a r e g l o n  o f  anom 
a lous  e u t e c t i c  s t r u c t u r e  f rom t h e  s u r f a c e  o f  a ground-based e u t e c t i c  sample 
w i t h  31 K i n i t i a l  undercoo l i ng .  Th is  i s  ve ry  s i m i l a r  t o  t h e  s t r u c t u r e  i n  t h e  
sh r inkage  c a v i t y  o f  t h e  f l i g h t  specimen. 

The bo t tom o f  t h e  sh r inkage  c a v i t y ,  shown i n  f i g u r e  2 9 ( a ) ,  con ta ined  a 
m u l t i t u d e  o f  small f a c e t e d  c r y s t a l s ,  of which two a r e  shown i n  d e t a i l  i n  
f i g u r e  29 (b ) .  Thei r  o r i g i n  w ’ i l l  be d iscussed i n  t h e  n e x t  s e c t i o n .  

Cross-Sect ional  M i c r o s t r u c t u r e s  

1-he c ross -sec t i ona l  m i c r o s t r u c t u r e  of t h e  f l i g h t  specimen c o n s i s t e d  m a i n l y  
o f  normal l a m e l l a r  e u t e c t i c .  A t y p i c a l  s t r u c t u r e  i s  shown i n  f i g u r e  30. 



F i g u r e  31 i s  a ve ry  s i m i l a r  s t r u c t u r e  f rom a ground-based e u t e c t i c  sample w i t h  
31 K i n i t i a l  undercoo l i ng .  The volume f r a c t i o n  o f  l a m e l l a r  e u t e c t i c  i n  t h e  
c r o s s - s e c t i o n a l  m i c r o s t r u c t u r e  o f  the f l i g h t  specimen was measured a t  over 
90 pe rcen t ,  which corresponds t o  an i n i t i a l  undercoo l i ng  o f  l e s s  than  30 K 
( r e f .  1 1 ) .  

Faceted c r y s t a l s  were a l s o  found i n  t h e  c r o s s - s e c t i o n a l  m i c r o s t r u c t u r e .  
l h e y  were d i spe rsed  throughout  t h e  b u l k  o f  t h e  specimen, as seen i n  t h e  low 
m a g n i f i c a t i o n  photograph i n  f i g u r e  32 (a ) .  When observed a t  h i g h e r  magn i f i ca -  
t i o n ,  i t  appears t h a t  t h e  e u t e c t i c  may have nuc lea ted  on some o f  t h e  c r y s t a l s ,  
as shown i n  F i g u r e  32 (b ) .  E n e r g y - d i s p e r s i v e  X-ray a n a l y s i s  revea led  t h a t  these 
c r y s t a l s  c o n t a i n  a measurable amount o f  I r o n ,  and l i t t l e  t i n ,  w h i l e  t h e  su r -  
round ing  m a t r i x  c o n t a i n s  no d e t e c t a b l e  i r o n .  Th is  f i n d i n g  i n d i c a t e s  t h a t  p a r t  
o f  t h e  s t e e l  r e t a i n i n g  w i r e  found embedded i n  t h e  g l a s s  had pene t ra ted  and 
d i s s o l v e d  i n  t h e  me ta l  sample w h i l e  i t  was mol ten,  and may have i n d i r e c t l y  
caused n u c l e a t i o n  o f  t h e  specimen, thereby causing low undercoo l i ng .  

Other Data and Resu l t s  

The specimen mass b e f o r e  process ing was 3.0695 g, c o n s i s t i n g  o f  2.9983 g 
o f  me ta l  and 0.0712 g o f  g l a s s .  A f t e r  process ing,  t h e  specimen mass was 
3.0437 g, i n c l u d i n g  a s h o r t  p i e c e  o f  s t e e l  w i r e  weighing 0.0015 g. The mass 
l o s s  o f  t h e  processed specimen (meta l  and g l a s s )  i s  0.0273 g. 

l h e  p i e c e  o f  s t e e l  w i r e  was separated f r o m  t h e  g l a s s  and examined by o p t i -  
c a l  and scanning e l e c t r o n  microscopy. The w i r e  has a bend o f  more than  60" 
near i t s  c e n t e r .  I t s  end-to-end leng th  i s  3.05 mm, and i t s  d iameter  i s  
0.25 mm. The composi t ions a t  t h e  two ends o f  t h e  w i r e  were q u a l i t a t i v e l y  
measured u s i n g  energy -d i spe rs i ve  X-ray a n a l y s i s .  One end was covered w i t h  a 
sma l l  cap o f  me ta l ,  which was found t o  be a lmost  e n t i r e l y  composed o f  n l c k e l  
and t i n .  T h i s  i s  a d e f i n i t i v e  p roo f  t h a t  t h e  w i r e  had con tac ted  t h e  mo l ten  
a l l o y  sample d u r i n g  p rocess ing .  The o t h e r  end, which i s  presumed t o  be a f r a c -  
t u r e  su r face ,  showed o n l y  i r o n  a t  one l o c a t i o n ,  and a t  another  l o c a t i o n  showed 
some s i l i c o n  and sodium ( f r o m  t h e  g l a s s ) ,  as w e l l  as some n i c k e l  and t i n .  From 
t h e  appearance o f  t h e  s u r f a c e  a t  t h i s  end o f  t h e  w i r e ,  i t  i s  d i f f i c u l t  t o  
determine whether t h e r e  was con tac t  w i t h  t h e  g l a s s  and me ta l  f r o m  t h e  specimen, 
o r  s imp ly  con tamina t ion  due t o  t h e  process o f  removal o f  t h e  g l a s s  f r o m  t h e  
speclmen su r face .  

Fragments o f  t h e  g lass  were examined by t r a n s m l t t e d  l i g h t  microscopy. 
l h i s  revea led  t h a t  t h e  c o l o r a t i o n  o f  t h e  g l a s s  i s  nonuni form. P o r t i o n s  o f  t h e  
g l a s s  a r e  t r a n s p a r e n t ,  and o t h e r  p o r t i o n s  a r e  ve ry  da rk  i n  c o l o r .  The c o l o r a -  
t i o n  i s  a p p a r e n t l y  due t o  i m p u r i t i e s  i n t r o d u c e d  i n t o  t h e  g l a s s  by chemical  
r e a c t i o n s ,  b u t  t h i s  has n o t  y e t  been s u b s t a n t i a t e d .  

CONCLUDING REMARKS 

Al though t h i s  exper iment  was cu t  s h o r t ,  t h e  c a p a b i l i t y  o f  t h e  e l e c t r o -  
magnet ic l e v i t a t o r  t o  process specjmens i n  t h e  Space S h u t t l e  environment was 
demonstrated. The apparatus l e v i t a t e d  t h e  specimen, caused i t  t o  m e l t ,  and 
k e p t  i t  a t  temperature f o r  a predetermined l e n g t h  o f  t ime .  I n  t h e  s i n g l e  com- 
p l e t e d  h e a t i n g  c y c l e ,  t h e  thermal h i s t o r y  and m i c r o s t r u c t u r e  i n d i c a t e  t h a t  t h e  
u n d e r c o o l i n g  reached about 30 K .  The m i c r o s t r u c t u r e  con ta ined  some unique 
f e a t u r e s ,  b u t  most o f  t h e  r e s u l t s  are ve ry  s i m i l a r  t o  those  o f  a ground-based 
sample w i t h  31 K i n i t i a l  undercool lng.  Had t h e  planned t r i p l e  c y c l i n g  been 
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completed this undercooling very likely would have increased and produced a 
more unique microstructure, especially in the off-eutectic compositions. 
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TABLE I. - SELECTED DATA FOR ELECTROMAGNETIC LEVITATOR 

Manufac turer :  General E l e c t r i c  Company, Space D i v i s i o n ,  V a l l e y  Forge, PA. 

Weight: EML 47.7 kg. cover 27.8 kg 

He igh t :  61 cm, w i t h o u t  base o r  cover 

Diameter: 35 cm a t  frame 

Power I n p u t :  28 V dc th rough 80 amp fused c i r c u i t  

I n d u c t i o n  Heat lng :  600 W a t  100 kHz 

C o i l :  3.2 mn OD, 1.6 mn I D  copper tub ing ,  w i t h  water  f l o w  a t  8 cm3 s - l  

3 -1 Work chamber coo lan t  f l o w :  14 cm s th rough 4.8 mm I D  t u b i n g  

dc-to-dc conver te r ,  50 percent  e f f i c i e n c y  f a c t o r  

Camera: Photo-Sonics. Model lVN, w i t h  magazine f o r  60 m o f  16 mn f i l m  

Pyrometer: T o t a l  r a d l a t i o n  

11 



TABLE 11. - PROPF-RlILS OF TEST ALLOYS 

E u t e c t i c  
Hypoeutect lc 
Hypereutect  1 c 

Designat ion T i n  con ten t ,  L iqu idus ,  So l i dus ,  1 1 (nic:L?base) 1 O C  1 
32.5 1132 1132 500 117 
25 1224 1132 500 150 
37.5 1169 1132 500 90 

Aver.  s p e c l f l c  L a t e n t  heat  
heat ,  o f  f u s i o n ,  

J kg-1 K-1 I k J  k g - l  1 

Ana lyzed  
t i n  c o n t e n t ,  

w t  x 

32.50 
32.52 
37.49 
37.47 
24.96 
24.96 

Bare  m e t a l  sphere  
d i a m e t e r b  w e i g h t  

mn 9 

8.48 2.998 
8.45 2.982 
8.45 2.917 
8.48 3 .000 
8.72 3.142 
8.72 3.006 

TABLE 111. - SPECIMENS C A R R I E D  I N  EML DURING STS 61-C MISSION 

mn 

8.73 
8.78 
8.65 
8.68 
8.97 
8.96 

Numbera 

9 

3.070 
3.064 
2.975 
3.053 
3.216 
3.088 

aSequence i n  w h i c h  specimens were  t o  be  p rocessed  
bAverage measurements 
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FIGURE 4. - ELECTROMAGNETIC LEVITATOR SEEN FROM THE WORKCHAMBER SIDE AND 
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FIGURE 5. - WORKING COMPONENTS OF ELECTROMAGNETIC LEVITATOR USED I N  ALLOY UNDER- 
COOLING EXPERIMENT. CD-86-23813 
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(B)  

FIGURE 18. - TWO VIEWS OF THE NICKEL-TIN EUTECTIC ALLOY SPECIMEN PROCESSED I N  THE ELCTROMAGNETIC LEVITATOR.  A PORTION OF 

THE RETAINING WIRE CAN BE SEEN EMBEDDED I N  THE GLASS, WHICH HAS AGGLOMERATED TO ONE S I D E  OF THE SPECIMEN. 
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FIGURE 20. - CROSS-SECTION OF FLIGHT SPECIMEN, SHOWING THE LARGE 

SHRINKAGE C A V I T Y .  
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FIGURE 24. - PATCH OF ANOMALOUS EUTECTIC STRUCTURE ON THE F L I G H T  

SPECIMEN SURFACE. 

FIGURE 25. - FINE TWO-PHASE STRUCTURE ON THE FLIGHT SPECIMEN SURFACE 
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FIGURE 26. - DENDRITE FRAGMENT ON THE F L I G H T  SPECIMEN SURFACE. 
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FIGURE 28. - ANOMALOUS EUTECTIC STRUCTURE FROM SURFACE OF A 
GROUND-BASED EUTECTIC SAMPLE WITH 31 K I N I T I A L  UNDERCOOLING. 
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FIGURE 30. - CROSS-SECTIONAL MICROSTRUCTURE FROM THE F L I G H T  SPECIMEN, 

SHOWING NORMAL LAYELLAR EUTECTIC. 

FIGURE 31. - CROSS-SECTIONAL MICROSTRUCTURE FROM A GROUND-BASED 

EUTECTIC SAMPLE WITH AN I N I T I A L  UNDERCOOLING OF 31 K .  
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